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Injection rateAbstract Carbon dioxide (CO2) ﬂooding is one of the most important methods for enhanced oil
recovery (EOR) because it not only increases oil recovery efﬁciency but also causes a reduction
of greenhouse gas emissions. It is a very complex system, involving phase behavior that could
increase the recovery of oil by means of swelling, evaporation and decreasing viscosity of the oil.
In this study, a reservoir modeling approach was used to evaluate immiscible and miscible CO2
ﬂooding in a fractured oil ﬁeld. To reduce simulation time, we grouped ﬂuid components into 10
pseudo-components. The 3-parameter, Peng–Robinson Equation of State (EOS) was used to match
PVT experimental data by using the PVTi software. A one-dimensional slim-tube model was
deﬁned using ECLIPSE 300 software to determine the minimum miscibility pressure (MMP) for
injection of CO2. We used FloGrid software for making a reservoir static model and the reservoir
model was calibrated using manual and assisted history matching methods. Then various scenarios
of natural depletion, immiscible and miscible CO2 injection have been simulated by ECLIPSE 300
software and then the simulation results of scenarios have been compared. Investigation of simula-
tion results shows that the oil recovery factor in miscible CO2 injection scenario is more than other
methods.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
Carbon dioxide concentration in the atmosphere has been
increasing as well as other greenhouse gases since the beginning
of the Industrial Revolution by anthropogenic activities. The
increase is mainly attributed to the combustion of fossil fuelsfor energy production [1]. Of all the other greenhouse gases,
CO2 is responsible for about 64% of the enhanced greenhouse
effect, making it the target for mitigation of greenhouse gases
[2,3]. The pre-industrial era, CO2 concentration was about
280 ppm. Presently, it reaches 370 ppm [4] as a result global
temperature has risen. In order to decrease global warming
emissions concentration of carbon dioxide should be reduced.
One of the available methods for minimizing CO2 concentra-
tion in the atmosphere is the application of CO2 for injecting
into oil reservoir in order to enhance oil recovery (EOR).
Nomenclature
a parameter in Peng–Robinson EOS
ac constant coefﬁcient in Peng–Robinson Equation
of State
b parameter in Peng–Robinson EOS
c constant (function of x)
Kij binary interaction coefﬁcient in Peng–Robinson
Equation of State
M molecular weight
N number of components in the mixture
P pressure
Pc critical pressure
R universal gas constant
T temperature
Tc critical temperature.
Tr reduced temperature
V molar volume
Vcorr corrected molar volume
X mole fraction
Z compressibility factor
Greek letters
a temperature-dependent coefﬁcient in Peng–Robin-
son Equation of State
c speciﬁc gravity
l ﬂuid viscosity.
l* viscosity at atmospheric pressure
n viscosity-reducing parameter
q density
x acentric factor
a constant in Equation of State, 0.457235 in Peng–
Robinson equation
b constant in Equation of State, 0.077796 in Peng–
Robinson equation
Subscripts
i,j i or j component.
c critical property
c7+ property of the heptanes-plus fraction of the
petroleum mixture
r reduced property
RA Racket
o oil
Abbreviations
API American Petroleum Institute
BHP bottom hole pressure
CO2 carbon dioxide
EOR enhanced oil recovery
EOS Equation of State
FGOR ﬁeld gas oil ratio
FOE ﬁeld oil efﬁciency
FOPT ﬁeld oil production total
FOSAT ﬁeld oil saturation
FPR ﬁeld pressure
LBC Lohrenz–Bary–Clark
MMP minimum miscibility pressure
OOIP original oil in place
PPM parts per million
PR Peng–Robinson
256 A. Hashemi Fath, A.-R. PouranfardThe use of CO2 for EOR is considered one of the most
promising methods for commercial application. Among gas
injection processes, CO2 is preferred to hydrocarbon gases
(HC) because of its lower cost, high displacement efﬁciency
and the potential for concomitant environmental beneﬁts
through its disposal in the petroleum reservoir [5].
Carbon dioxide could displace oil by either miscible or
immiscible displacement. For pressures below MMP, immisci-
ble displacement of oil takes place, in which oil viscosity reduc-
tion, swelling of reservoir oil, reduction of interfacial tension,
and solution gas drive are major driving mechanisms. This com-
bination of mechanism enables a portion of the reservoir’s
remaining oil to be mobilized and produced. At pressures above
MMP, the most dominant mechanism is miscibility between
CO2 and the reservoir oil. Miscible displacement by CO2 is a
much preferred process to immiscible displacement. The misci-
ble process, is best applicable to light and medium gravity crude
oils, and the immiscible process, may apply to heavy oils.
The goal of this study is the investigation of immiscible and
miscible CO2 injection in order to optimize the recovery of a
ﬁeld with a dual porosity system. The ﬁeld is located in the
southwest of Iran. This oil ﬁeld has two reservoirs: Gurpi
and a shallower Asmari reservoir. Main reservoir in this ﬁeld
is the Asmari formation with Oligocene and Miocene ageswhich is divided into seven zones. Therefore, only the Asmari
formation has been producing oil at commercial scale.
The Asmari formation in this ﬁeld consists mostly of car-
bonates that appear to be naturally fractured with a low per-
meability matrix. The matrix has a porosity and permeability
of about 0.088% and 3.4 md, respectively. A fracture network
is distributed in the reservoir and the fracture has a porosity
and permeability of about 0.002% and 3124 md, respectively
also water saturation is about 36%. Based on the studies per-
formed by the National Iranian Oil Company the original oil
in place (OOIP) for this ﬁeld is estimated to be 2126 MMstb.
Because the fracture network is well distributed, it is the
dominant path for the ﬂow of ﬂuid in the reservoir. The reser-
voir has no initial gas cap and permeability and the size of aqui-
fer is very low to keep up the pressure of the reservoir. Based on
the material balance calculations and production behavior of
the ﬁeld, this ﬁeld is an under a saturated oil reservoir.
2. Fluid properties
The initial bubble point pressure was 1904 psia, and the reser-
voir temperature is 250 F. Also initial reservoir pressure is
5830 psia. Solution gas–oil ratio at the initial bubble point
pressure is 480 scf/stb. The oil has 20.93 API gravity. Oil res-
Table 1 Reservoir ﬂuid composition.
Component Mole (%)
H2S 2.04
N2 0.22
CO2 4.36
C1 22.21
C2 6.84
C3 5.11
IC4 0.84
NC4 2.48
IC5 0.81
NC5 0.95
C6 0.92
C7 6.36
C8 4.36
C9 2.62
C10 3.16
C11 2.33
C12+ 34.39
MW C12+ 310
Sp.Gr C12+ 0.9637
Evaluation of miscible and immiscible CO2 injection in oil ﬁelds 257ervoirs with this API are suitable for CO2 ﬂooding [6]. Exper-
imental PVT data were provided by the ﬁeld operator. These
data contain constant composition expansion (CCE) data, dif-
ferential liberation (DL) data at the reservoir temperature
(250 F), and separator tests. Table 1 gives reservoir ﬂuid
composition.
3. Splitting, grouping and ﬁtting the EOS
In this study, we used PVTi software for characterization of
the reservoir oil sample. Insufﬁcient description of heavier
hydrocarbons reduces the accuracy of PVT predictions [7].
Therefore PVT matching generally starts with splitting the plus
components into two or three pseudo components, speciﬁcally
when there are many of them compared with the other
components. As shown in Table 1, 34.39% of ﬂuid is C12+.Table 2 Reservoir ﬂuid components after splitting.
Component Mole (%) Molecular weight Speciﬁc gravity
H2S 2.04
N2 0.22
CO2 4.36
C1 22.21
C2 6.84
C3 5.11
IC4 0.84
NC4 2.48
IC5 0.81
NC5 0.95
C6 0.92
C7 6.36
C8 4.36
C9 2.62
C10 3.16
C11 2.33
C12+ 21.86 219.84 0.88987
C24+ 12.53 467.3 1.0155The C12+ component was splitted into two pseudo compo-
nents by Whitson’s method as shown in Table 2. And also
the Lee–Kesler correlation selected as critical properties corre-
lation and acentric properties correlation to describe the newly
deﬁned components. Table 2 shows reservoir ﬂuid components
after splitting.
The next step is grouping the components; components
with similar molecular weight must be put in the one group.
The main reason for grouping components is to speed-up the
compositional simulation. In a compositional simulation the
number of grouped components depends on the process that
is modeled. For miscibility, more than 10 components may
sometimes be needed. In general, 4–10 components should be
enough to describe the phase behavior [8]. In the grouping pro-
cesses usually obvious candidates are to group IC4 with NC4,
and IC5 with NC5. But there are some exceptions usually N2
added to C1 and CO2 added to C2. In PVTi, the main criterion
for a successful grouping is whether the new grouped compo-
nents can predict observed experimental results at least as well
as the original ungrouped components [8]. Considering CO2
injection, after several experiments we grouped C2, C3, IC4
and NC4 together, IC5, NC5 and C6 together, C7, C8 and
C9 together and C10 and C11 together as shown at Table 3
and ﬁnally in this study we made 10 components to describe
phase behavior of the reservoir ﬂuid. Table 4 shows reservoir
ﬂuid component and their properties after grouping. After
grouping, comparison of shapes of the phase diagrams before
and after grouping (Fig. 1) indicates that they are close to each
other therefore a good grouping has been achieved.
The last stage was ﬁt an EOS to have an agreement between
the observed data and the results calculated with the EOS. The
3-parameter, Peng–Robinson Equation of State (EOS) was
used in this paper. Peng–Robinson [9] EOS, a cubic EOS that
was developed by Peng and Robinson in 1976, has been shown
to accurately model hydrocarbons and is the most widely used
EOS in compositional reservoir simulators. The PR EOS has
the following form:
P ¼ RT
V b
a
VðVþ bÞ þ bðV bÞ ð1ÞTable 3 Grouping method.
Row Component New index Group
1 H2S 1 H2S
2 N2 2 N2
3 CO2 3 CO2
4 C1 4 C1
5 C2 5 C2–C4
6 C3 5 C2–C4
7 IC4 5 C2–C4
8 NC4 5 C2–C4
9 IC5 6 C5–C6
10 NC5 6 C5–C6
11 C6 6 C5–C6
12 C7 7 C7–C9
13 C8 7 C7–C9
14 C9 7 C7–C9
15 C10 8 C10–C11
16 C11 8 C10–C11
17 C12+ 9 C12–C23
18 C24+ 10 C24+
Table 4 Reservoir ﬂuid components and their properties after grouping.
Component Mole% Weight fraction (%) Molecular weight Speciﬁc gravity
H2S 2.04 0.48704
N2 0.22 0.043178
CO2 4.36 1.3444
C1 22.21 2.4964
C2–C4 15.27 4.3718 40.864 0.56491
C5–C6 2.68 1.4311 76.219 0.64444
C7–C9 13.34 9.7673 104.51 0.73777
C10–C11 5.49 5.3664 139.52 0.78267
C12–C23 21.86 33.669 219.84 0.88987
C24+ 12.53 41.023 467.3 1.0155
Figure 1 Shapes of the phase diagrams (a) before and (b) after grouping.
258 A. Hashemi Fath, A.-R. Pouranfardwhere P is the pressure, T is the temperature, R is the gas con-
stant, V is the molar volume calculated by the PR EOS. a and
b are the parameters of EOS, for pure substance the equation
parameters a and b are expressed as:a ¼ acaðTÞ ð2Þ
ac ¼ XaR2T2c=Pc Xa ¼ 0:457235 ð3Þ
b ¼ XbRTc=Pc Xb ¼ 0:077796 ð4Þ
Evaluation of miscible and immiscible CO2 injection in oil ﬁelds 259where Tc and Pc are the critical temperature and pressure,
respectively. The parameter a(T) is a function of temperature
and the acentric factor, x and deﬁned by following expression:
aðTÞ ¼ ð1þmð1 T0:5r ÞÞ
2 ð5Þ
where Tr = T/Tc is the reduced temperature, when the acentric
factor x 6 0:49, m can be represented by following equation:
m ¼ 0:37464þ 1:54226x 0:26992x2 ð6Þ
and when x> 0.49 [10]
m ¼ 0:379642þ 1:48503x 0:164423x2 þ 0:016666x3 ð7Þ
The PR EOS with a Peneloux [11] correction gives the cor-
rected liquid molar volume and is obtained as follows:
Vcorr ¼ V c ð8Þ
where Vcorr is the corrected molar volume, and c is the Pene-
loux correction term, it can be estimated by:
c ¼ 0:40768ð0:29441 ZRAÞRTc
Pc
ð9Þ
where ZRA is the Racket compressibility factor and is calcu-
lated as:
ZRA ¼ 0:29056 0:08775x ð10Þ
Substituting Eq. (8) in Eq. (1), will result in the following
form of the PR EOS, and it is called 3-parameter, Peng–Rob-
inson Equation of State:
P ¼ RT
Vþ c b
a
ðVþ cÞðVþ cþ bÞ þ bðVþ c bÞ ð11Þ
Parameters a, b and c are calculated for mixtures using the
following mixing rules:
a ¼
X
i
X
j
XiXj
ﬃﬃﬃﬃﬃﬃﬃ
aiaj
p ð1 KijÞ ð12Þ
b ¼
X
i
Xibi ð13Þ
c ¼
X
i
Xici ð14Þ
where Xi and Xj are mole fractions of component i and j,
respectively and Kij is the binary interaction coefﬁcient
between components i and j and determined based on experi-
mental vapor–liquid equilibrium data.
The saturation pressure is usually very sensitive to the Ome-
ga_A, Omega_B, Pcrit and Tcrit of the plus component [8]. In
this study, changing Omega_A, Omega_B and Pcrit has made
the calculated value of the saturation pressure equal to
1903.91 psia very close to the experimental value of 1904 psia.
Then with changing some parameters such as Pcrit, Tcrit, acen-
tric factor and volume shift of pseudo components and some
of the lighter components we can earn a very good agreement
between the observed data and the results calculated with the
EOS as shown in Figs. 2–8. After regression, the matching
results were extremely improved. The Lohrenz–Bary–Clark
(LBC) method was used as viscosity correlations. Lohrenz–
Bary–Clark [12] developed an empirical correlation for deter-
mining the viscosity of the saturated oil from its composition.
This correlation is used widely in the petroleum industry, par-
ticularly in reservoir simulation. The LBC correlation is
expressed as:ðl lÞnþ 104 14 ¼ 0:10230þ 0:023364qr
þ 0:058533q2r  0:040758q3r
þ 0:0093324q4r ð15Þ
where n is the viscosity-reducing parameter, which for a ﬂuid
mixture is given by:
n ¼
XN
i
XiTci
 !1
6 XN
i
XiMi
 !12 XN
i
XiPci
 !23
ð16Þ
where Xi, Mi, Tci and Pci are mole fraction, molecular weight,
critical temperature and pressure of component i, respectively.
qr is the reduced oil density and is given by the following math-
ematical expression:
qr ¼ ðMÞ1qo
XN
i¼1;i–c7þ
XiMiVcið Þ½  þ Xc7þVc7þ
" #
ð17Þ
where qo is the oil density at the prevailing system condition, N
is the number of components in the mixture, Vci is critical vol-
ume of component i, XC7þ and VC7þ are mole fraction and crit-
ical volume of C7+, respectively. Lohrenz et al. proposed the
following expression for calculating VC7þ :
VC7þ ¼ 21:573þ 0:015122MC7þ  27:656cC7þ
þ 0:070615MC7þcC7þ ð18Þ
where MC7þ , cC7þ are molecular weight and speciﬁc gravity of
C7+, respectively. And l is the ﬂuid viscosity, l
* is the viscos-
ity at atmospheric pressure. For the viscosity of the mixture at
atmospheric pressure, Lohrenz et al. suggested using the fol-
lowing Herning–Zipperer [13] equation:
l ¼
XN
i¼1
XiliM
1
2
i
#" , XN
i¼1
XiM
1
2
i
" #
ð19Þ
where li is the viscosity of component i in the mixture at the
atmospheric pressure and is calculated from the following
equations:
li¼ 34105T 0:94ri =ni Tri6 1:5 ð20Þ
li¼ 17:78105ð4:58Tri1:67Þ0:625=ni Tri > 1:5 ð21Þ
where Tri is the reduced temperature of component i and ni is
viscosity parameter of component i and is given by:
ni ¼ T
1
6
ciM
12
i P
23
ci ð22Þ
And ﬁnally oil viscosity was matched as shown in Fig. 9. So
the ﬁtted EOS and the parameters must be exported to the
ECLIPSE compositional model to simulate ﬂuid behavior at
different conditions.
4. Model descriptions
In this study, a sector model was built by means of the FloGrid
module of the ECLIPSE simulation software for investigation
of various processes and parameters on the ﬁeld. The sector is
a portion of the reservoir and its connected production and
injection wells were drilled in this section.
As mentioned earlier in Introduction, this reservoir is made
up of seven zones. This model was built on the basis of the
structure maps obtained in the geological study. Therefore,
Figure 2 Experimental and calculated relative volume (CCE).
Figure 3 Experimental and calculated liquid density (DL).
260 A. Hashemi Fath, A.-R. Pouranfardgeometry of reservoir was constructed on the basis 8 structural
contour maps obtained for depth. These maps were digitized
and used for making a geological model. Reservoir properties
such as porosity, permeability and net-to-gross (NTG) ratios
in the three directions were provided on the petrophysical
study. Therefore, 7 contour maps for porosity, permeability
and net-to-gross ratios were used. After digitizing, these maps
have been used for making a model of the reservoir. The type
of gridding was selected as corner point geometry because it
was more accurate than the block center. In this study, in order
to have more accurate results, zone 1 was divided into two lay-
ers and zone 2 was divided into three layers. So, the dual
porosity model has 20 layers (10 for the matrix and 10 for
the fractures).
The sector model is a 6.5 km*6.5 km model and its dimen-
sions are as shown below:
Nx (the number of grids in x-direction) = 65, size of each x
grid block is about 100 mNy (the number of grids in y-direction) = 65, size of each y
grid block is about 100 m.
Nz (the number of grids in z-direction) = 10Therefore this
model contains 42,250 grids.
Figs. 10–12 show the different properties of the sector
model such as NTG, permeability and porosity. The OIP for
this sector is estimated to be 820.25 MMstb and that is more
than one third of the total OIP estimated for this ﬁeld. There-
fore increasing recovery of oil in this sector can have an impor-
tant inﬂuence on the total recovery of oil.
5. Determination of CO2 minimum miscibility pressure (MMP)
The minimum miscibility pressure (MMP) is the lowest pres-
sure at which multi-contact miscibility can be achieved. In
the petroleum reservoirs, miscibility is deﬁned as that physical
condition between two or more ﬂuids that will permit them to
mix in all proportions without the existence of an interface
Figure 4 Experimental and calculated oil formation factor (DL).
Figure 5 Experimental and calculated gas oil ratio (DL).
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important factors in the plan and operation of miscible CO2
ﬂooding process. Displacement efﬁciency depends on mini-
mum miscibility pressure and a dependable estimation of min-
imum miscibility pressure can help the operator to design the
injection conditions and surface facilities. The main factors
affecting miscibility are the reservoir ﬂuid composition, injec-
tion gas composition, reservoir temperature and pressure
[15–22]. There are many methods for calculating the MMP
such as slim tube, rising bubble apparatus and types of
correlation.
In this study, one-dimensional compositional simulation of
the slim-tube model was performed to determine the minimum
miscibility pressure (MMP) of CO2 with the reservoir ﬂuid.
The ECLIPSE300 was used. This model has 600 grids with a
porosity and permeability of 0.15 and 2000 md, respectively.
The length of the model was selected as 100 m to ensure thatdeveloped miscibility is formed and also 1 cm for the width
and height to minimize the result of transition region length
[23,24]. Smaller diameter tubing is justiﬁed to prevent viscous
ﬁngering [25]. In the Eclipse300 software the keywords FUL-
LIMP and MISCIBLE were selected as the solution method
and the dependence of capillary pressure and relative perme-
ability on surface tensions, respectively.
In order to produce a constant bottom hole pressure
(BHP), the injection well was placed at the ﬁrst grid of the
model (1,1,1) and the production well was placed at the end
of the simulation grid of the model (600,1,1).
The usual and more standard way to terminate displace-
ment in slim-tube simulations is to monitor the amount of
injected gas [8,24]. In fact, the amount of injected gas is the
most important factor for ending the simulation. In general,
the displacement is often ended after injecting 1.2 pore vol-
umes (PV) of injected gas and then the oil recovery factor at
Figure 6 Experimental and calculated vapor z-factor (DL).
Figure 7 Experimental and calculated gas formation volume factor (DL).
262 A. Hashemi Fath, A.-R. Pouranfard1.2 pore volumes of injected gas is plotted as a function of
pressure. The break-over pressure in these recovery curves is
estimated as the minimum miscibility pressure.
To ﬁnd the minimum miscibility pressure (MMP) for CO2
and the reservoir ﬂuid, several slim-tube simulations were
run at different displacement pressures using a model with
600 grid blocks and then the ultimate recovery factor for each
pressure was determined as shown in the Table 5. Recovery
factor at 1.2 pore volumes of CO2 injected is plotted versus
pressure to determine MMP as shown in Fig. 13. According
to these results the MMP for CO2 injection is about 4630 psia.
6. Reservoir simulation scenarios
In this part of the study, the purpose is to evaluate different
scenarios of natural depletion, immiscible and miscible CO2
injection as enhanced oil recovery methods for this reservoir.In order to have an impartial evaluation, all of them must be
performed at the identical operational conditions, identical
well completion pattern and also the location of injection
and production wells and economical limitations for produc-
tion wells should be same for all of these scenarios. Based on
the geological data, fracture media exists, so dual porosity
model was chosen for simulation. Nine wells were drilled in
the sector model. Six of them (P1, P2, P3, P4, P5, P6) were
classiﬁed as production wells which were divided into two
types of production wells: horizontal wells (P1, P4, P6) and
vertical wells (P2, P3, P5) also in order to evaluate CO2 injec-
tion scenarios three vertical injection wells were located in the
center of production wells (I1, I2, I3). In order to determine
that layers should be perforated for injection and production
wells, the permeability of different layers was evaluated. After
taking various runs, horizontal production wells were
perforated in the ﬁfth layer (nearly in the middle of the oil
Figure 8 Experimental and calculated gas gravity (DL).
Figure 9 Experimental and calculated oil viscosity.
Evaluation of miscible and immiscible CO2 injection in oil ﬁelds 263column) and vertical production wells were perforated in the
fourth, ﬁfth and sixth layers. Also injection wells were perfo-
rated in the sixth, seventh and eighth layers. A map view of
the location and position of the 6 production wells and 3
injection wells is shown in Fig. 14. Before running different
scenarios in order to have a fair comparison, it needs to have
a history matching between pressure or ﬂow data of the ﬁeld
and simulated model. The aim of history matching is to ﬁnd
a model such that the difference between the performance of
the model and the history of a reservoir is minimized [26].
History matching is usually had done by hand (a trial and
error process). For model adjustment in history matching
process, usually the parameters that have the minimum con-
ﬁdence and maximum effect have been changed. These
parameters are matrix and fracture permeability, transfer
coefﬁcient between matrix and fracture, aquifer parameters,
porosity and block height. Therefore at the beginning ofthe history matching process sensitivity analysis was per-
formed on key parameters. Results show that porosity and
permeability of the fracture and compressibility factor are
effective parameters in accordance with past ﬁeld perfor-
mance and the model. Fig. 15 shows a good matching has
been achieved between of calculated pressure in model and
pressure history of the ﬁeld. After the history matching pro-
cess the model is set for prediction of different scenarios. At
the end of 2010 average ﬁeld pressure was 4410 psia. The
wellbore diameter is 0.7 ft in all cases and the time of simu-
lation in all scenarios was 20 years (2010–2030).
The economical limits for shutting the production wells in
all scenarios are given below:
Maximum GOR: 1800 scf/stb
Maximum water-cut: 45%
Minimum oil production rate: 150 stb/day
Figure 10 NTG property in the sector model.
Figure 11 Permeability property in the sector model.
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Selected sector model has six production wells (three horizon-
tal wells and three vertical wells) and rate of ﬁeld oil produc-
tion was set at 18,000 stb/day divided between six wells, i.e.,
3000 stb/day per well and the bottom-hole pressure was set
to 1900 psia.
The result of natural depletion scenario is shown in Figs. 16
and 17. Fig. 16 shows the ﬁled total oil production at the nat-
ural depletion scenario from the year of 2010–2030. As shown
in this ﬁgure until the year of 2019, ﬁled oil production is
increasing but after it the ﬁeld faces the reduction of oil pro-
duction as it is speciﬁc in the ﬁgure, in other words the ﬁeld
faced the half-time of its life. Therefore in order to increaseoil production we need to apply enhanced oil recovery
methods.
Fig. 17 illustrates the total of oil production rate for the
ﬁeld. As shown in this ﬁgure the ﬁeld oil production rate is
decreasing during 2017–2030. Therefore this ﬁeld needs to
study enhanced oil recovery methods to increase the amount
of oil production. At the end of 20 years of natural depletion
scenario as shown in Fig. 16 average ﬁeld pressure is
1841 psia and is based on oil in the place estimated in this
sector (820.25 MMstb), the ultimate recovery factor will be
approximately 15.07% as shown in Fig. 17. Total pressure
drop at the end of natural depletion scenario is 2500 psia that
can have bad effects on the reservoir and in this condition
gas injection such as CO2 injection can be helpful and it
Figure 12 Porosity property in the sector model.
Table 5 Ultimate recovery at various pressures.
Pressure (psia) Recovery factor (%)
1911 54.34
2646 61.61
3675 73.75
4410 85.59
5145 87.90
5733 88.19
6174 88.54
6615 88.93
7056 89.13
7644 89.79
8085 90.10
8820 91.94
9261 92.87
Figure 13 Recovery factor versus pressure to determine MMP.
Figure 14 Map view of the location and position of horizontal
and vertical wells.
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pressure drop.
6.2. Immiscible CO2 injection
As mentioned above in order to investigate the CO2 injection
scenario three injection wells were located in the center ofthe production wells (Fig. 14). Since the average ﬁeld pressure
before gas injection was 4410 psia, the injection pressure must
be higher, also fracturing pressure for this ﬁeld is 6200 psia
therefore we cannot inject more than this pressure because of
its damaging result on the rock of the reservoir. The injection
pressure for injection wells at immiscible CO2 injection sce-
nario was set to 4500 psia. The BHP for all production wells
was 1900 psia. And also the total production rate for produc-
tion wells was 18,000 stb/day, i.e., 3000 stb/day per well.
The simulation model was run inspeciﬁc conditions (3 gas
injection wells and 6 oil production wells) and the immiscible
CO2 injection scenario was assumed to last 20 years. The only
factor that was variable in the scenarios was the injection rate.
In the immiscible CO2 injection scenario several simulations
were run to ﬁnd the optimum injection rate therefore CO2
was injected at different rates of 3000, 5000, 7000, 8000,
10,000, 12,000, 15,000 and 17,000 Mscf/day. The optimum
injection rate sector model has the best oil recovery factor.
Simulation results of the immiscible CO2 injection scenario
with different injection rates are shown in Table 6.
According to simulation results the best scenario was
immiscible CO2 injection with an injection rate of
17,000 Mscf/day. At the end of 20 years in the immiscible
Figure 15 History matching results of ﬁeld pressure.
Figure 16 Field oil production total and average ﬁeld pressure in the natural depletion scenario.
266 A. Hashemi Fath, A.-R. PouranfardCO2 injection scenario as is shown in Fig. 18 and based on oil
in place estimated in this sector (820.25 MMstb), the ultimate
recovery factor for the injection rate of 17,000 Mscf/day will be
approximately 34.45%. Operation of this reservoir with an
injection rate of 17,000 Mscf/day is shown in Fig. 19. In this
scenario ﬁeld oil production total, average ﬁeld pressure are
9.94 · 107 stb and 3053 psia, respectively. As a result the pres-
sure drop in the immiscible CO2 injection is lower than the nat-
ural depletion scenario and also the ultimate recovery factor in
this scenario is more than the natural depletion scenario.6.3. Miscible CO2 injection
In the miscible CO2 injection scenario, location and position of
production wells and injection wells were similar with the
immiscible injection scenario. The injection pressure for injec-
tion wells at miscible CO2 injection scenario was set to
5100 psia.The BHP for all of production wells was 1900 psia. And
also the total production rate for production wells was
18,000 stb/day, i.e., 3000 stb/day per well. In order to ﬁnd
the optimum injection rate CO2 was injected at different rates
of 12,000, 16,000, 20,000, 24,000, 27,000, 30,000, ,000 and
36,000 Mscf/day. Simulation results of the miscible CO2 injec-
tion scenario with different injection rates are shown in Table 7.
According to simulation results the best scenario was misci-
ble CO2 injection with an injection rate of 30,000 Mscf/day.
Operation of this reservoir with an injection rate of
30,000 Mscf/day is shown in Fig. 20. In this scenario at the
end of 20 years total ﬁeld oil production and average ﬁeld pres-
sure are 1.041 · 108 stb and 5095 psia, respectively. Also based
on oil in place estimated in this sector (820.25 MMstb), the
ultimate recovery factor will be approximately 36.59%. The
most stable displacement with the highest recovery was
achieved at an injection rate of 30,000 Mscf/day therefore
the optimum injection rate for miscible CO2 injection scenario
is 30,000 Mscf/day.
Figure 17 Field oil production rate and ﬁeld oil efﬁciency in the natural depletion scenario.
Table 6 Simulation results of immiscible CO2 injection scenario.
Scenarios Injection rate (Mscf/day) FOE (%) FOPT (stb) FPR (psia) FOSAT (%)
1 3000 23.18 6.82E+7 1865 68.85
2 5000 25.61 7.52E+7 1888 66.79
3 7000 27.83 8.16E+7 1911 64.91
4 8000 30.02 8.79E+7 1936 63.05
5 10,000 31.99 9.36E+7 2146 61.36
6 12,000 33.59 9.81E+7 2401 60.04
7 15,000 34.22 9.92E+7 2789 59.50
8 17,000 34.45 9.94E+7 3053 59.34
Figure 18 Field oil efﬁciency at different injection rates in the immiscible CO2 injection scenario.
Evaluation of miscible and immiscible CO2 injection in oil ﬁelds 267As could be seen in Table 7 an injection rate of
24,000 Mscf/day and more establishes miscible processes,
because the average ﬁeld pressure in these scenarios was higher
than the minimum miscibility pressure.When CO2 with aninjection rate of 33,000 Mscf/day and
more is injected into the sector model, gas injected moves rap-
idly through fractures and almost without contact with the oil
in the matrix blocks produced in the production wells. This
Figure 19 Operation of the reservoir in the immiscible CO2 injection scenario with an injection rate of 17,000 Mscf/day.
Table 7 Simulation results of miscible CO2 injection scenario.
Scenarios Injection rate (Mscf/day) FOE (%) FOPT (stb) FPR psia FOSAT (%) FGOR (Mscf/stb)
1 12,000 33.70 9.861E + 7 2700 59.91 0.5677
2 16,000 34.26 9.938E + 7 3554 59.43 0.6943
3 20,000 34.50 9.945E+7 4018 59.09 0.8240
4 24,000 34.94 9.959E+7 4650 58.44 0.9681
5 27,000 35.71 1.018E+8 4926 57.35 1.074
6 30,000 36.59 1.041E+8 5095 56.94 1.130
7 33,000 35.68 1.015E+8 5099 57.77 1.233
8 36,000 35.15 9.999E+7 5101 57.99 1.301
Figure 20 Operation of the reservoir in the miscible CO2 injection scenario with an injection rate of 30,000 Mscf/day.
268 A. Hashemi Fath, A.-R. Pouranfardoccurrence can be explained as ﬁngering in fractured reservoirs
and it causes an increase in gas oil ratio in the production
wells. Therefore some of production wells would shut down
after some time because the gas oil ratio in these production
wells is more than the economical limit so it causes a decrease
in oil recovery factor as is shown in Table 7.7. Comparison of reservoir operation in different scenarios at
their optimum injection rates
As previouslymentioned the optimum injection rates for immis-
cible andmiscible CO2 injection scenarios were 17,000 Mscf/day
Table 8 Simulation results of natural depletion and the best immiscible and miscible CO2 injection scenarios.
Scenarios FOE (%) FOPT (stb) FPR (psia) FOSAT (%)
Natural depletion 15.07 4.48E+7 1841 75.65
Immiscible CO2 injection(17,000 Mscf/day) 34.45 9.94E+7 3053 59.34
Miscible CO2 injection(30,000 Mscf/day) 36.59 1.041E+8 5095 56.94
Figure 21 Comparison of average ﬁeld pressure values in natural depletion and the best immiscible and miscible CO2 injection scenarios.
Figure 22 Comparison of ﬁeld oil efﬁciency values in natural depletion and the best immiscible and miscible CO2 injection scenarios.
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selected and compared with the natural depletion scenario.
The results of these scenarios are shown in Table 8 and Figs. 21
and 22. As could be seen in Table 8 in the natural depletion sce-
nario, ﬁled total oil production is 4.48 · 107 stb while in the best
immiscible and miscible CO2 injection scenarios this is
9.94 · 107 stb and 1.041 · 108 stb, respectively therefore the best
scenario for this reservoir is miscible CO2 injection as shown in
Fig. 21. At the end of the natural depletion scenario the averageﬁeld pressure is 1841 psia but in the best immiscible andmiscible
CO2 injection scenarios average ﬁeld pressure is 3053 psia and
5095 psia, respectively thus the best scenario for injection into
this reservoir is the miscible CO2 injection because it increases
the reservoir pressure and also a pressure drop in immiscible
CO2 injection is lower than for natural depletion as shown in
Fig. 22. Oil recovery factor is 15.07% of OOIP in the natural
depletion scenario and for the best immiscible and miscible
CO2 injection scenarios it is 34.45 of OOIP and 36.59 of OOIP
270 A. Hashemi Fath, A.-R. Pouranfardrespectively therefore the best scenario for this reservoir is mis-
cible CO2 injection. However, economical cost and asphaltene
precipitation must be studied more in these scenarios.
8. Conclusions
1- By using a slim-tube model, the minimum miscibility
pressure for CO2 and reservoir ﬂuid was determined, this
value was 4630 psia.
2- The injection rate is the most important parameter that
can affect the oil recovery factor, speciﬁcally in fractured
reservoirs. The optimum injection rates for immiscible
and miscible CO2 injection scenarios were 17,000 Mscf/
day and 30,000 Mscf/day, respectively.
3- According to the results in the miscible CO2 injection
scenario with an injection rate of 30,000 Mscf/day at
the end of 20 years ﬁled total oil production, average
ﬁeld pressure and oil recovery factor are
1.041 · 108 stb, 5095 psia, and 36.59%, respectively,
therefore this scenario is the best scenario for produce
from this reservoir.
4- In the miscible CO2 injection scenario, increasing the gas
injection rate leads to quicker movement of gas toward
production wells with the result that the gas oil ratio is
more than the gas oil ratio limit (1800 scf/stb) thus it
causes the shutdown of some of the production wells
and the oil recovery factor will be less.
5- In the heavy oil reservoir to reach to miscible displace-
ment is very hard, therefore, it is recommended that in
these reservoirs we should use the immiscible injection.
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